Haemagglutinin prepared from influenza virus A/Memphis/I/71 by bromelain digestion was centrifuged through continuous sucrose gradients buffered at pH 7.4 or pH 4-9. From these gradients were isolated two forms of the protein which displayed different equilibrium sedimentation properties. One species behaved as a molecule with a mol. wt. of 190000, the other with a mol. wt, of 70000. These results are consistent with the separation of trimeric and monomeric haemagglutinin. A comparison of their antigenic properties, using monoclonal antibodies raised against intact virus, showed that major antigenic differences occur between the two forms of haemagglutinin. None of the monoclonal antibodies reacted with haemagglutinin denatured by reduction and alkylation.
INTRODUCTION
The arrangement in space of the monomers that compose oligomeric proteins may result in a special class of antigenic determinants dependent upon features such as the interfacial surfaces between subunits. The absence of binding of antibodies raised against the oligomer to the isolated monomer may indicate either the existence of determinants formed by juxtaposition of features contributed by the individual subunits or the occurrence of local conformational changes in the monomer during the dissociation event.
This special class of antigenic determinant has been reported for collagen (Hahn & Timpl, 1973) where the ~1 and ~2 component polypeptide chains, both of which exhibit triple helical structure in isolation and other physical features similar to native collagen, showed no antigenic activity with antibodies raised against native, triple helical collagen. Collagen reconstituted from ~1 and c~2 component chains regained all antigenic activity. Bartel & Campbell (1959) described the opposite situation for giant keyhole limpet haemocyanin where antisera raised against the dissociated oligomer contained antibodies which reacted only with the dissociated subunits and not with the intact oligomer.
These findings suggest that some oligomeric proteins possess antigenic determinants which are not exhibited by the isolated subunits and that isolated subunits possess antigenic determinants not expressed in the assembled oligomer. In contrast to these findings, Reichlin (1970) reported that the individual ~ and fl subunits of haemoglobin A1 (~2/¢2) are capable of precipitating all of the antibodies from antisera raised against the oligomer, indicating that not all polymeric protein systems possess antigenic differences between their component monomers and the assembled oligomer.
The antigenic structure of influenza virus haemagglutinin (HA) has been extensively studied (for review, see Ward, 1981) and as a trimeric structure (Wiley et al., 1977; Wilson et al., 1981) lends itself to a study of those determinants which owe their existence to the association of subunits.
Influenza virus HA is known to undergo a conformational change at pH 5 (Skehel et al., 1982) .
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This conformational change is also accompanied by modulation of the antigenic activity of the molecule Webster et al., 1983 ; Daniels et al., 1983 ; Yewdell et al., 1983) . In this paper we examine the antigenic properties of the isolated trimeric and monomeric forms of the haemagglutinin.
METHODS
Viruses. The influenza viruses used were A/PR/8/34 (H 1N1) and the recombinants Japu-BelN and Mem~-BelN bearing the neuraminidase of A/Bellamy/42 (NI) and the haemagglutinins of A/Japan/305/57 (H2) and A/Memphis/I/71 (H3) respectively. Viruses were grown in the allantoic cavity of 10-day embryonated chicken eggs and purified by adsorption to and elution from chicken erythrocytes followed by differential centrifugation through sucrose gradients according to Laver (1969) .
Variants of A/Memphis/I/71 were selected in the presence of monoclonal antibodies directed against the haemagglutinin (Laver et al., 1979; Newton et ak, 1983) . In these variants, the amino acid residues at positions 53, 143, 188, 189, 205 and 218 have been replaced by residues which differ from those in the parent virus. Fig. 1 shows the position of these substitutions and their locations in relation to the loop, hinge, tip and interface antigenic sites.
Haemagglutinin. The HA was released from purified virus by digestion with bromelain (Sigma) as previously described (Brand & Skehel, 1972) . Briefly, virus was digested (37 °C, 18 h in 0.1 M-Tris-HC1 pH 8-0, 0.05 M-2-mercaptoethanol) at an enzyme :virus protein ratio of 1 : 1. Soluble bromelain HA (BHA) was then purified by centrifugation over a 5 to 20 ~ sucrose gradient in phosphate-buffered saline pH 7.4 containing 0-1 ~ sodium azide (PBSA) for 16 h at 40000 r.p.m, in a Beckman SW41 rotor.
Preparation ofradiolabelled monomeric and trimeric BHA. BHA (10 ~ag) was radioiodinated using a modification (Jackson et al., 1979) of the chloramine-T method (Greenwood et al., 1963) . After exhaustive dialysis against PBSA, aliquots were loaded onto 10 to 30~ continuous sucrose gradients containing 1 ~ Triton X-100. Gradients were buffered either with PBSA (pH 7.4) or 100 mM-citrate (pH 4.9). Centrifugation was carried out in a Beckman SW55 rotor at 42000 r.p.m, for 16 h. Gradients were fractionated and the distribution of radiolabelled material was determined in a Packard scintillation spectrometer.
Preparation of denatured BHA. Aliquots of radiolabelled BHA were treated with dithiothreitol corresponding to a 10-fold molar excess over the amount of disulphide present in the labelled protein. Reduction was carried out in 6 M-guanidine-HCl, 500 mM-Tris-HCl pH 8.0, 2 mM-EDTA for 18 h at 37 °C. A 2 M excess of iodoacetamide was added, and the reduced and alkylated BHA was dialysed against PBSA. Immunoglobulin G was prepared from ascitic fluid by affinity chromatography on Protein A-Sepharose CL-4B (Pharmacia) using the method of Ey et al. (1978) .
Radioimmunoassay (RIA) . A solid-phase RIA (Brown et al., 1980) was used in which antigen was allowed to absorb onto wells of a PVC microtitre tray by incubation at ambient temperature for 3 h in a humidified atmosphere. After washing with PBSA containing 0.05 ~ Tween the plates were held for 1 h at room temperature with PBSA (pH 7.4) or 0.1 M-citrate buffer (pH 4.9). After washing twice with PBSA 0.05~ Tween, plates were treated with a solution (10 mg/ml) of bovine serum albumin (BSA) in PBSA to coat unoccupied areas of plastic. Dilutions of radiolabelled IgG were added to wells and incubated overnight at room temperature. After washing and excision the amount of radioactivity associated with each well was determined in a Packard scintillation spectrometer.
A solution-phase RIA (Jackson et al., 1979) employing radiolabelled BHA was also used. Briefly, dilutions of IgG were added to BSA-coated centrifuge tubes containing a constant amount of radiolabelled BHA. Following incubation at room temperature for 3 h, antigen antibody complexes were isolated by the addition of 50 I.tl of a 30~ suspension of Protein A-Sepharose CL-4B saturated with rabbit anti-mouse IgG antibody. After a 30 min incubation period, the immunoadsorbents were washed and the amount of radioactivity associated with each was determined.
8-Anilino-l-naphthalenesulphonate (ANS) titrations.
Aliquots of a solution of ANS (10 3 M in PBSA) were added to solutions of BHA (0.32 mg/ml) and fluorescence was determined using a Perkin-Elmer MFP3 spectrophotofluorimeter. Cuvettes had a path length of 1 cm. The excitation wavelength was 385 nm and fluorescence was determined at 470 nm. Fluorescence values, in arbitrary units, were corrected for the fluorescence of solvent in the absence of protein.
Sedimentation equilibrium experiments. The theory and experimental procedure for sedimentation equilibrium experiments using the air-driven ultracentrifuge have been described in detail elsewhere (Bothwell et al., 1978) . Briefly, sedimentation equilibrium distributions were established in cellulose propionate tubes containing radioiodinated BHA in 150 ~tl solution by centrifugation in a Beckman airfuge for 22 h at 4°C. Rotor speeds were determined digitally. After centrifugation, distributions were fractionated with a Beckman microtube fractionator and the volume of each fraction was measured gravimetrically. BSA (5 mg/ml) was incorporated to provide density Modified from Wiley et al. (1981) .
stabilization during centrifugation and deceleration at the conclusion of the run. The radioactivity of each fraction was determined. The data were processed by numerical integration and are presented as plots of In (c/c0) against R 2, where c is the concentration of the radiolabelled species at radial position R and co is the initial concentration. The slope of this plot is related to the molecular weight of the species according to the equation
in which M is the molecular weight, v is the partial specific volume, p is the solution density, ~o is the angular velocity, t is the ambient temperature and Z is the gas constant.
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RESULTS
Production of trimeric and monorneric HA Haemagglutinin released by bromelain digestion of intact virus was radioiodinated and after exhaustive dialysis layered onto 10 to 30~o continuous sucrose gradients containing 1 ~o Triton X-100. Gradients were buffered either with PBSA or 100 raM-citrate pH 4.9. Centrifugation was carried out at 42000 r.p.m, in a Beckman SW55 rotor for 16 h at 4°C. Gradients were fractionated and the distribution of radiolabelled material was determined by solid-phase scintillation counting. Fig. 2 shows typical distributions obtained under these conditions. Routinely, gradients were loaded with 10 -l° moles BHA (mol. wt. 73000) containing 150 btCi 12sI. Similar profiles were obtained for BHA isolated from A/PR/8/34 and A/Japan/305/57 influenza viruses.
Fractions containing radioiodinated protein were pooled and dialysed exhaustively against PBSA containing 1 ~ Triton X-100. Molecular weight determinations of the isolated species were then carried out by equilibrium sedimentation analyses using an air-driven ultracentrifuge. Results of these experiments are shown in Fig. 3 where the slopes of the In (c/c0) versus R 2 plots yield molecular weight values for the faster-sedimenting species of 190000 and for the slower sedimenting species of 70000. These data are consistent with isolation of trimeric and monomeric forms of BHA. Equilibrium sedimentation analyses carried out on samples several weeks after iodination failed to reveal reassociation of the monomeric species.
Fluorescence titrations using ANS
The dissociation of trimeric bromelain HA into monomers was monitored by measuring fluorescence in the presence of ANS (Fig. 4) . It was found that the pH 5 dissociative effect was paralleled by an increase in fluorescent activity. This result reflects an increase in the availability of groups involved in the process of fluorescence energy transfer and is consistent with exposure of hydrophobic and ionic groups to the environment which are normally buried within the protein.
Antigenic sites recognized by monoclonal antibodies
The antigenic properties of radiolabelled trimeric, monomeric and denatured bromelain HA were examined using a panel of monoclonal antibodies. The binding properties of these antibodies and the regions to which they bind were determined by direct binding radioimmunoassays and also by their abilities to inhibit haemagglutination by influenza virus variants containing defined single amino acid replacements within their primary sequences.
The results of these binding experiments are summarized in Table 1 . If it is assumed that the substituted residues are a part of the antigenic site recognized by the monoclonal antibodies, then it is apparent that antibodies A20, 123/4, S161 and $44 bind to the loop region.
Antibodies A21, 40/31 and 14/4 bind to the interface. 200/5 also binds to this region but at a somewhat different position to the other antibodies. B17, 17/5, 179/3 and A13 all define a similar antigenic site which is located in the distal part or tip of the HA molecule. There are sufficient differences in their reactivity patterns with variants Doug and Ian to suggest that the individual epitopes that they recognize are distinct but probably overlapping within the same site.
A2 defines the hinge antigenic determinant. It is grouped with antibodies A11, B23 and 88/2 on the basis of competitive binding data (Jackson & Nestorowicz, 1985) .
Antigenic properties of trimeric and monomeric BHA
Each of these antibodies was tested in a solution-phase assay with radioiodinated BHA in its trimeric or monomeric forms. The results are shown in Fig. 5 . Antibodies directed to the loop are able to bind to the trimeric form of BHA better than to the monomeric form. Three of the antibodies that recognize the tip of the HA bind well to both forms of the antigen. The fourth antibody defining the tip, B17, and those antibodies which define the interface do not bind well to the monomer of bromelain HA. With the exception of A2, antibodies directed to the hinge region show a greater affinity for isolated monomer than for the trimeric species. Antibody 88/2
On: Thu, 01 Nov 2018 09:52:40 . Sedimentation profiles of radioiodinated BHA in sucrose gradients. Radiolabelled BHA was sedimented in 10 to 30~ continuous sucrose gradients containing 1 ~ Triton X-100. Gradients were made in phosphate-buffered saline pH 7.4 (A) or 100 raM-citrate pH 4.9 (A). Centrifugation was carried out at 42000 r.p.m, in a Beckman SW55 rotor for 16 h at 4 °C. Gradients were fractionated and radioactivity of individual fractions was determined by solid-phase scintillation counting. which recognizes a determinant within the hinge region but only after HA has been exposed to acid pH (Jackson & Nestorowicz, 1985) also binds well to the monomeric form but not to the trimer. This result indicates that the isolated monomer possesses a similar conformation to that which the trimer assumes when present in intact virus after exposure to pH 5. A2 recognizes None of the monoclonal antibodies tested bound to reduced and alkylated (denatured) bromelain HA.
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ConJbrmational changes induced in BHA by adsorption to plastic
When the antigenic properties of bromelain HA were investigated using a solid-phase RIA, it was found (Fig. 6 ) that BHA not exposed to pH 4.9 was recognized by monoclonal antibody 88/2. However, 88/2 was able to distinguish differences in the two forms of antigen if virus were used to coat wells (Fig. 6) . These results indicate that a conformational change, similar to that which occurs at pH 5, is experienced by bromelain HA when it adsorbs to plastic. This conformational change is not experienced by HA when present within intact virus presumably because most of the HA spikes are not in direct contact with the surface of the well.
DISCUSSION
The findings discussed above demonstrate that the immunochemical structures of trimeric and monomeric HA differ. These differences may be explained in a number of ways.
(i) Denaturation. It is possible that dissociation of oligomeric proteins into their constituent subunits results in denaturation of the monomers such that they are antigenically distinct from the parent oligomer. In the present study, each of the monoclonal antibodies used as a probe for antigenic structure was assayed against denatured (reduced and alkylated) bromelain HA. None of the antibodies bound to this form of the molecule whereas many bound to the monomeric form. These antibodies, therefore, have a stringent requirement for native conformational features of the influenza virus HA. The results reported here are therefore consistent with the idea (Daniels et al., 1983) that HA is capable of undergoing controlled conformational alterations in overall geometry without major disturbance of tertiary structure within component domains.
( to pH 5. It appears from our results that all the major antigenic regions of intact trimeric HA experience differences in antigenic expression after dissociation of the oligomer. For example, antibodies directed towards the loop region reacted with both forms of HA but displayed a decreased level of binding to isolated monomer. Although this result may reflect the occurrence of conformational changes within the loop, it is more likely that the decreased binding of antibody to monomer indicates a decrease in avidity of the antibody for this monomeric form of HA. The location of the loop region within HA is such that it could permit the formation of complexes in which both binding sites of a single IgG molecule are capable of attaching to epitopes located on neighbouring monomers. Alternatively, interaction of these antibodies with trimeric HA may lead to the formation of tetrameric complexes in which two IgG molecules are attached to two HA trinaers. In either case, the formation of such complexes would not occur when the monomeric form of HA is used as the antigen. Consequently, the avidity of those antibodies directed towards the loop region would be decreased and a concomitant reduction in the degree of binding to monomeric HA would be observed Antigenic activity is associated with the hinge region of isolated monomeric HA. Some of those antibodies defining this antigenic site, however, displayed a marked increase in binding to the monomeric form. This finding suggests that the hinge region may be composed of a number of distinct antigenic determinants, such that antibody A2 recognizes an epitope separate from those defined by antibodies A11 and B23. This result also suggests that the conformational alterations occurring in HA upon dissociation of the molecule differentially affect epitopes within this antigenic site. One possible explanation for the increases in affinities of antibodies A 11 and B23 is that the epitopes recognized by these antibodies are more accessible within the monomeric form of HA. These results differ from those of Daniels et al. (1983) who reported no change in antigenic site C (hinge). These workers used only one antibody, however, to define the hinge region and did not investigate its properties with pH 5-treated BHA.
Variation in the reactivities of antibodies defining the tip region indicates that this site comprises a number of distinct epitopes and that the expression of some of these is modified in the monomer. Those antibodies which showed little or no decreases in binding to monomeric HA may recognize epitopes which are located towards the loop region of the molecule and which may be little affected by the dissociation event. The increase in binding of one of the antibodies, 17/5, defining this region to monomeric HA may be due to an increase in the availability of this site after dissociation of the trimer.
Our findings are consistent with the suggestion of Skehel et al. (1982) who reported that the changes in the circular dichroism spectra of BHA after exposure to pH 5 were consistent with the relative movements of globular domains within the molecule rather than large changes in the secondary and tertiary features. Our results differ from those of Skehel et al. (1982) , as their study did not demonstrate dissociation of trimeric BHA into monomers. In the present study, however, very small amounts (10 -~° mole) of protein were used, and dissociation may have been aided by a dilution effect.
The antibodies that define the interface region all show greatly diminished binding to the monomer. It is feasible that these antibodies recognize quaternary epitopes. Substantial monomer-monomer contacts occur within the interracial region of trimeric HA . It is possible that this area contains antigenic determinants which are composed of residues from two or three of the subunits (Daniels et al., 1983; Jackson et al., 1983) . The expression of such quaternary determinants within trimeric HA would therefore be abolished by separation of the globular heads of the molecule during dissociation into its component monomers. The results of this study are consistent with this idea and also with local changes in tertiary structure occurring in the tip region. More major changes appear to occur in the hinge region which may be a site of molecular flexion for this protein molecule Jackson & Nestorowicz, 1985) .
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